Introduction
Thermoelectric devices convert heat to electricity or vice versa, and are used to harness heat for power generation and for cooling applications. 1 The power conversion efficiency of a thermoelectric material scales with a dimensionless figure of merit = 2 / , where σ is the electrical conductivity, S the Seebeck coefficient, κ the thermal conductivity, and T the absolute temperature. 1 Compelling enhancements in ZT have been achieved in recent years by exploiting nanostructuring and compositional engineering of inorganic materials, [2] [3] [4] as well as newly developed organic materials. 5 However, inorganic materials often require rare, environmentally unfriendly elements, while organic materials suffer from low charge mobility due to the absence of long-range order. New materials that facilitate electrical conduction and suppress thermal conduction are needed for high-performance thermoelectrics.
Introducing porosity into materials is a useful strategy to improve their thermoelectric performance because pores can strongly scatter phonons. 6 Importantly, porosity does not necessarily block charge transport. The continuous nonporous regions may still provide efficient charge transport pathways 7 because the electron and phonon wavelengths are different. 2 Therefore, porous solids could fit the requirements for an "electron-crystal phonon-glass", the ideal material for thermoelectrics. 2 An improved ZT is thus achievable when thermal conductivity is reduced to a larger extent than the power factor ( = 2 ). Indeed, a few inorganic solids with randomly distributed macropores (pore diameter > 50 nm) and/or mesopores (pore diameter between 2 and 50 nm) exhibit significantly reduced thermal conductivity and comparable ZT with the values of their nonporous parent materials. 8, 9 So far, little is known about the thermoelectric properties of periodic microporous materials mainly because it is technically challenging to generate such materials that exhibit significant electrical conductivity, especially by top-down methods such as lithography. In contrast, bottom-up, self-assembly strategies have generated a large number of microporous materials, among which MOFs are representative. These materials are constructed by bridging metal ions with organic ligands, and usually exhibit high porosity and surface area as well as long-range translational symmetry. 10 The pores are periodically distributed and exhibit diameters typically ranging from 0.5 nm to 3 nm, which can be tuned both chemically and physically by choosing organic ligands of different composition and length. For instance, choosing long and flexible organic ligands could provide large pores and enhance phonon scattering. 11 Moreover, redox active metal ions and organic ligands could provide charge carriers. 7 The use of abundant and nontoxic metal elements could improve scalability and safety.
Recent advances in understanding thermal and electrical conduction in MOFs reveal promising thermoelectric properties. Although reports of thermal conductivity in these materials are limited, materials in this class investigated thus far all exhibit κ < 0.4
W·m 1 ·K 1 regardless of structure, composition, or morphology, [12] [13] [14] [15] [16] [17] [18] with the singlecrystal thermal conductivity of MOF-5 being as low as 0.32 W·m -1 ·K -1 at 27 °C.
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Despite their low thermal conductivity, MOFs have not been used extensively for thermoelectrics because they are typically electrical insulators. However, the last few years have seen significant advances in understanding and manipulating the electronic structure of these materials, with great improvements in electrical conductivity. 7, [19] [20] [21] [22] [23] Indeed, there are now several MOFs 24 and structurally related coordination polymers [25] [26] [27] that exhibit room-temperature  > Clearly, improving the electrical conductivity should have a positive effect on ZT. To this end, the material Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2 (Ni3(HITP)2) is an ideal case study. 24 It features a layered two-dimensional lattice consisting of Ni 2+ ions and 
Results
Bulk Ni3(HITP)2 was synthesized according to a previously published procedure. 24 Its identity was confirmed by powder X-ray diffraction ( Figure S1 ), and its porosity was verified by N2 sorption analysis, which revealed a BET surface area of 766 m 2 ·g -1 for the desolvated sample (additional details in Experimental Procedures, Figure S2 ).
Transmission electron microscopy (TEM) provided additional insight into the bulk structure of Ni3(HITP)2 by revealing two distinct morphological components: films and nanoparticles. The films likely form at the interface between the reaction mixture and air, as has been reported for related 2D MOFs. 25, 30 The films appear extended, smooth, and folded in the TEM images, but do not diffract electrons, possibly because of electron beam damage ( Figure S3a ). Indeed, TEM imaging of MOFs is notoriously difficult:
MOFs tend to decompose under high-energy electron beam. [31] [32] [33] [34] In contrast, the were carried out between 25 and 45 °C. The electrical conductivity of the pellets was measured by the van der Pauw method. 35, 36 The Seebeck coefficient and thermal conductivity were measured by the steady-state method using a home-built system that reaches high accuracy. [37] [38] [39] All thermoelectric properties were measured in vacuum (10 -5 to 10 -4 torr) with the pressed pellets desolvated at 150 °C for 2 h.
As shown in Figure 2a , the electrical conductivity increased linearly with temperature from 58. Figure S5 ). These values are at least one order of magnitude higher than those observed for Cu3(BTC)2-TCNQ. 18 Importantly, the pressed pellets of Ni3(HITP)2 exhibited very low thermal conductivity,  = 0.21 W·m -1 ·K -1 (Figure 2c ).
This value is much lower than those of conventional solid-state thermoelectric materials such as nanostructured BixSb2-xTe3 (pellet ≈ 1 W·m -1 ·K -1 at room temperature) 41 and is comparable to the smallest values achieved for any thermoelectric materials. 5, 42 As with S,  is relatively constant over 25-45 °C.
With the relevant values of , , and S, pellets of Ni3(HITP)2 exhibited a ZT of 1.19 × 10 -3 at 25 °C, which increased to 1.34 × 10 -3 at 45 °C (Figure 2d) . These values are approximately 17 times higher than those observed for Cu3(BTC)2-TCNQ, the previous record for MOFs, and are directly attributable to the higher electrical conductivity of Ni3(HITP)2. 18 Although this thermoelectric figure of merit value is still much lower than those required for practical applications (ZT > 1), it represents a new benchmark for ZT values in MOFs.
Discussion
The most prominent feature of Ni3(HITP)2 is its ultralow thermal conductivity, among the lowest for any crystalline solid state material. In solids near room temperature, thermal conductivity can be divided into electronic (κe) and lattice (κL) contributions. The former is typically related to the electrical conductivity via the Wiedemann-Franz law, Several factors may contribute to the low lattice thermal conductivity of Ni3(HITP)2.
First, phonons describe lattice vibrations that carry thermal energy, which cannot propagate across the intrinsic vacant pores. Second, the heterogeneity of atomic masses and stiffness of bonds in Ni3(HITP)2 cause phonon scattering. Third, the disordered stacking of the individual Ni3(HITP)2 layers, observed by TEM (Figure 1c ), may cause additional phonon scattering. Finally, given the very small particle size of the crystallites within the Ni3(HITP)2 pellets, grain boundaries play an important role in scattering phonons as well. Indeed, nanostructuring, or breaking large crystallites into nanoparticles, is a widely used strategy to reduce κL in thermoelectric materials. 44, 45 However, generating nanostructured inorganic materials from bulk solids is challenging and energy consuming. 2 In this aspect, Ni3(HITP)2 is advantageous because it is naturally nanostructured.
Among the factors described above, the first two are likely general for all microporous/mesoporous MOFs, whereas the last two are specific for Ni3(HITP)2 pellets. Although these results describe a significant improvement in the ZT of MOFs specifically, the relatively low value in the context of the wider thermoelectrics field highlights the crucial need for additional systematic studies to further improve the thermoelectric performance of MOFs to meet the practical requirements. First, it is critical to achieve a high Seebeck coefficient because S influences ZT more significantly than other parameters (ZT ∝ 2 ). In this context, it would be initially productive to measure and tabulate the Seebeck coefficients of previously reported electrically conductive MOFs. This would enable a correlation between electrical conductivity and Seebeck coefficient in this class of materials. We also note that for traditional thermoelectric materials, the systematic variation of charge density serves as an important tool for optimizing the power factor. Here, we have not optimized the charge density, but 
Characterization of the powder of Ni3(HITP)2
Ni3(HITP)2 was synthesized by modifying a published procedure, which generates a material exhibiting a higher degree of crystallinity. 24 A quantity of 95.7 mg of NiCl2·6H2O and 141.9 mg of HATP·6HCl were dissolved in 60 mL of deionized (DI) water in a 250 mL round-bottom flask. The resulting yellow solution was heated to 65 °C in an oil bath, and treated with 1.5 mL of concentrated aqueous ammonia. The reaction mixture was kept at 65 °C for 45 min under continuous air bubbling, upon which the reaction was switched to an inert atmosphere and kept at 65 °C for an additional 2 h. The resulting crude black precipitate was separated from the reaction mixture by centrifugation, was soaked in deionized water at room temperature then washed with water, ethanol, and acetone. Finally, the solid product was dried under a stream of nitrogen gas for 12 h. The product was kept in a nitrogen-filled glovebox. We found that soaking Ni3(HITP)2 in water under air at elevated temperature for a few hours or exposing it to air for several months significantly reduced its electrical conductivity. showed that damage accumulation rates were substantially more rapid at 80 kV, even at the same electron dose.
Characterization of pressed pellets of Ni3(HITP)2
Pressed pellets of Ni3(HITP)2 were prepared by placing powders of Ni3(HITP)2 into a 6 mm inner-diameter trapezoidal split sleeve pressing die (Across International) and 
